Summary The relative contribution of nitrogen (N) reserves from seeds or uptake by the roots to the growth and N content of young seedlings has received little attention. In this study, we investigated the contribution of N from the acorn or uptake by the roots to the N content of holm oak (Quercus ilex L.) seedlings and determined if remobilization of acorn N was affected by nutrient availability in the growing media. Q. ilex seedlings were cultivated for 3 months, until the end of the second shoot flush of growth, with three N fertilization rates: 8.6 mM N, 1.4 mM N or no fertilization. Fertilizer N was enriched in 15 N. Between 62 and 75% of the N contained in high and low fertilized seedlings, respectively, at the end of the second flush of growth was derived from the acorn. However, the dependence on acorn N was greater during the early root growth and first shoot flush of growth and decreased during the second shoot flush of growth, with root uptake contributing 32-54% of plant new N in this latter developmental stage in high and low fertilized plants, respectively. Fertilization rate did not affect the amount of N taken up during the earliest developmental stages, but it increased it during the second shoot flush of growth. Fertilization increased the mass of the shoot segment formed during the second shoot flush of growth and reduced the root mass, with no effect on whole plant growth. Remobilization of acorn N was faster in unfertilized plants than in fertilized plants. It is concluded that the holm oak seedlings depend greatly upon acorn N until the end of the second shoot flush of growth, that significant root N uptake starts at the beginning of the second shoot flush of growth and that acorn N remobilization is a plastic process that is accelerated under extremely low substratum nutrient content.
Introduction
Resources stored in seeds are essential for the early development of seedlings, and cotyledon damage can impair seedlings' performance (Bonfil 1998 , Kennedy et al. 2004 , Hanley and May 2005 . Seed size determines the capacity of seedlings to withstand adverse environmental conditions. Seedlings grown from large seeds have greater performance in poor soils, deep shade and competitive environments than seedlings derived from small seeds (Leishman and Westoby 1994, Moles and Westoby 2004) . This is in part attributed to the greater independence of seedlings grown from large seeds from soil resources (Milberg and Lamont 1997, Kitajima 2002) . Although much work has been done on the ecological and evolutionary implications of seed size and the metabolic changes in germinating seeds (Bewley and Black 1994) , much less is known on how seedlings use seed and soil nutrients to build up their nutrient reserves. The contribution of seed and soil nitrogen (N) to the seedling N pool only has been studied in Juglans regia and Helianthus annuus (Maillard et al. 1994 , Lehmeier et al. 2005 . Most studies on the role of seeds on seedling growth have either excised the cotyledons or grown seedlings without nutrients (Meiners and Handel 2000 , Kitajima 2002 , Hanley and May 2005 . However, these approaches cannot distinguish either the role of specific seed resources (for instance N or carbohydrates) on seedling development or the transition between the use of seed and external resources.
Remobilization of N from roots and stems in deciduous woody species and from non-senescent leaves in evergreen species provides most of the N required for initial seasonal growth (Nambiar and Fife 1991, Millard 1996) . The amount of N remobilized for spring growth depends on the amount of stored N in the previous season, while current soil fertility has a minor role (Millard and Neilsen 1989 , Millard and Proe 1993 , Dyckmans and Flessa 2001 , Milla et al. 2005 . This is because N remobilization for spring growth of established trees is a source-driven process (Millard et al. 2001 ). In contrast, little is known about how environmental factors, such as soil nutrient availability, influence remobilization of cotyledon resources. Quercus robur seedlings became more dependent on acorn nutrients under competition with herbs (Frost and Rydin 1997) . Instead, the type of soil did not influence the amount of N and P remobilized from Q. robur acorns (Newton and Pigott 1991) .
Holm oak (Quercus ilex L.) is a late succession evergreen tree that dominates many types of woodland in the western Mediterranean basin, and it is widely used for afforestation. Fertilization in the nursery strongly improves the out-planting performance of holm oak and of other Mediterranean species (Villar-Salvador et al. 2004 . An efficient fertilization programme should promote plant nutrient loading while minimizing fertilizer leaching from nurseries. Efficient fertilization can be achieved by matching fertilization rates to plant uptake capacity (Salifu and Timmer 2003a) . However, if seedlings rely on seed reserves for a long time to support their growth, as can occur in large-seeded species (Kitajima 2002) , early fertilization or the use of fertilized substratum will reduce fertilization efficiency. Therefore, to implement efficient fertilization practices, it is important to know when the transition from seed mineral nutrient reserves to soil nutrient uptake takes place.
The objectives of the study were to study (i) the contribution of the acorn and soil N to the N content of Q. ilex seedlings during their early development, (ii) the timing and rate of soil N uptake and (iii) if acorn N remobilization depends on nutrient availability in the substratum. To address these objectives, we carried out an experiment where soil was enriched in 15 N to quantify N uptake and its distribution in the plant. This was studied until seedlings finished the second shoot flush of growth.
Materials and methods

Experimental design
Acorns were collected in November 2006 from a pure holm oak stand near Romancos (Guadalajara, Spain, latitude 40°4 2′ N, 2°50′ W, longitude 2°50′2.48″ W). To reduce variability and growth differences due to seed size, acorns were obtained from a single tree, and only those with a fresh weight between 3.1 and 3.9 g, which represented the upper and lower quartiles of acorn fresh weight, were used in the study. Acorns were washed with tap water, dried with blotting paper and stored in polyethylene bags at +1°C until used.
In mid-February 2007, acorns were germinated for 15 days in trays containing vermiculite moistened with deionized water. When the length of most radicules ranged 5-30 mm, 350 acorns were transplanted into 305-ml pots (Super-Leach ™ , Industrias Bardi S.A.L., Navarra, Spain) (Day 0, 2 March 2007). The growing medium was vermiculite previously washed twice with deionized water. Acorns were wrapped with aluminium foil before transplanting to prevent nutrient absorption from the growing medium. The experiment was carried out in a glasshouse, which means maximum and minimum temperatures were 28 and 15°C, respectively, and the photosynthetic photon flux density was 40% of the ambient. Seedlings were cultivated under one of three N fertilization rates: 8.6 mM N (F+), 1.4 mM N (F−) and no fertilization (F 0 ). Nitrogen was supplied as KNO 3 enriched to 5.414 atom% 15 N (Sigma Aldrich Química, Madrid, Spain). The F+ nutrient solution also contained 1 mM CaSO 4 , 0.7 mM Ca(H 2 PO 4 ) 2 , 1.3 mM MgCl 2 and 100 p.p.m. of a micronutrient mixture (Kanieltra, Hydro Agri, Oslo, Norway). The F− fertilizer solution had the same salts as the F+ fertilizer solution but diluted six times with deionized water. Fertirrigation started on the same day that acorns were transplanted. Plants were fertirrigated every 2-3 days with 20-45 ml of each nutrient solution depending on seedling size and on greenhouse temperature. At the end of the experiment, F+ and F− plants had received 172 and 29 mg N, respectively, which can be considered as optimal and suboptimal levels, respectively, for growing holm oak seedlings in the nursery (Villar-Salvador et al. 2004 ). F 0 plants were irrigated with deionized water. Pots were randomly arranged in space.
Plant sampling and processing
Quercus ilex seedlings experience a rhythmic pattern of shoot growth during their cultivation in the nursery with most seedlings experiencing two or three flushes of shoot growth (Puértolas et al. 2009 ). Between shoot growth flushes, there are periods where no apparent shoot elongation occurs. In this experiment, plants were harvested periodically when they reached specific development stages. We used this criterion rather than time because most important functional changes in plants occur at specific ontogenetic or phenological stages (Sloan and Jacobs 2008) , and it facilitates the comparison with other species and the application of cultivation management recommendations. Development stages were:
(1) Seedlings only have roots: Before shoot emergence, seedling mass was made up exclusively of roots, with the taproot reaching the bottom of the container, and a small shoot primordium (<0.5 cm) emerging above soil. Seedlings reached this stage on Days 13-17 after sowing. At each development stage, 12 seedlings of the F+ and F− treatments and four seedlings of the F 0 treatment were harvested. Plants were divided into shoots, roots and acorns. Roots were washed from the growing media with tap water, and shoots were separated into first flush segment and second flush segment. Acorns were separated into cotyledons and pericarp, which was discarded. Then shoot segments, roots and cotyledons were rinsed twice in deionized water, dried at 50°C for 48-72 h and weighed. Plant fractions of all F 0 seedlings and of six randomly selected F+ and F− seedlings were ground in a ball mill (PM100, Retsch, Haan, Germany) for N concentration and 15 N isotope abundance. At the beginning of the experiment, we randomly sampled 30 acorns to determine their mass after removing the pericarp. Then cotyledons were randomly assigned to six groups, each one of five cotyledons, to determine N concentration and 15 N isotope abundance. Total N concentration was determined with an elemental analyser (EA-3010 Eurovector, Milan, Italy), while 15 N isotope abundance (atom%) was measured with a continuous flow isotope ratio mass spectrometer (CF-IRMS Isochrom, Micromass, UK) after combustion of the samples in an elemental analyser (EA 1108-CHNS, Carlo Erba, Milan, Italy).
Calculations and data statistical analysis
We used a mixing isotope model to disentangle the contribution of acorn N and soil N to the total plant N. We assumed that fertilizer was the only source of labelled N, and unlabelled N in organs came exclusively from the acorn N. The fraction of labelled N (fertilizer N, f F ) in an organ or the whole seedling was calculated following the same procedure as in Maillard et al. (1994) :
where A p , A a and A F are the 15 N isotope abundance of the plant organ, acorn and the fertilizer, respectively. Some N from the fertilizer was translocated to the acorns during the study, but acorn 15 N enrichment was four to six times less than that in plant organs and one order of magnitude less than that of the fertilizer. Therefore, we used the mean 15 N isotope abundance of the acorns at the beginning of the study, which was 0.3675% (n = 6), as the A a value for f F calculations in all development stages. The amount of labelled N (N F ) in an organ or the whole seedling was calculated as Data were analysed by a two-way analysis of variance using a Type III sum of squares. The two factors considered were development stage (one to three levels depending on the organ) and fertilization rate (three levels). Both absolute and relative N a data were considered. We used relative N a to remove potential biases due to different initial acorn N content on N a , and it was calculated as the ratio between N a and initial acorn N content. Initial acorn N content was estimated as the content of the N remaining in the acorn at each sampling date plus N a . We assumed N leaching to be negligible. The Levene's test was used to check data homoscedasticity. Variables with heteroscedastic data were log 10 -transformed. Statistical analyses were performed with the Statistica 6.0 Package (StatSoft, Inc., Tulsa, OK, USA)
Results
Whole plant, root and first shoot flush segment mass increased through development stages. Fertilization increased the mass of the second flush segment and reduced the root mass, with F 0 seedlings having lower and higher mass, respectively, than the remaining treatments, which did not differ between them (Figure 1) . Fertilization had no effect either on whole plant mass or on the mass of the first shoot flush segment (Table 1) .
Plant N content increased through development stages (F = 453; P < 0.001), and fertilization increased it (F = 3.67; P = 0.035) (Figure 2) . At the end of the study, plant N content of the fertilization treatments were F+ = 22 ± 1.2 mg, F− = 20 ± 0.5 mg and F 0 = 16 ± 0.8 mg (mean ± 1 SE). At all development stages, the amount of unlabelled N (N a ) in the seedlings was higher than the amount of labelled N (N F ) (Figure 2) . At the end of the first flush, 82 and 77% of the plant N in F− and F+ seedlings, respectively, was N a , whereas at the end of the second flush this proportion was 75 and 62%, respectively. The amount of N a allocated to the shoot and to the root was similar, but the amount of N F allocated to the shoot was higher than that allocated to the root. Between the end of the first and the second shoot flushes of growth, N F contributed 32 and 54% of the new N incorporated into F− and F+ seedlings, respectively.
Fertilization marginally reduced N a and the relative N a (F = 6.56; P < 0.003) at the plant level but not at any organ level (Table 1 and Figure 2 for N a ; relative N a data not shown). The amount of N F recovered in both the whole seedling and in the different organs increased through development and with fertilization. However, increase in N F at the whole plant and in roots due to fertilization was only observed during the second flush of growth (Figure 2) but not during earlier development stages (interaction development stage × fertilization, Table 1 ).
The mean N content of the acorn at the beginning of the study was 21 ± 1.5 mg (mean ± 1 SE, n = 6). Acorn N content decreased as plants grew (F = 73.7, P < 0.001) , and at the end of the second flush, 76% of acorn N on average had been remobilized. However, acorn N was depleted faster in F 0 than in F− or F+ seedlings (F = 3.26; P = 0.049), which reduced acorn N at a similar rate (Figure 3) . At the end of the second flush, the proportion of the initial acorn N remaining in F 0 , F− and F+ acorns were 17, 25 and 26%, respectively.
Discussion
At the end of the second shoot flush of growth, 3 months after shoot emergence, most of the N accumulated in holm oak seedlings came from the acorn. Only 25-38% of the N recovered in the plant had been taken up by the roots. This pattern differs from that in J. regia, which can derive some 60% of the seedling N content from root uptake by 40 days after shoot emergence (Maillard et al. 1994) . Holm oak seedlings relied almost only on acorn N during very early development stages, as roots took up little N during early root growth and in the first shoot flush of growth, and root uptake was independent of fertilization rate. In contrast, during the second flush of shoot growth, roots took up N in greater quantities, and high-fertilized seedlings absorbed more N than low-fertilized plants, explaining their higher plant N content at the end of the study. The lower growth of the second shoot flush segment together with higher root growth in non-fertilized plants as compared with fertilized plants is a typical response of plants growing with low nutrient availability (Aerts 1994) and, therefore, might be indicative of the increasing dependence of plants on fertilizer N during the second shoot flush growth.
The contribution of the acorn to the seedling N remained high until the end of the second shoot flush of growth. This pattern was not observed for the deciduous oak, Q. robur, in which acorn N reserves are depleted at the end of the first shoot flush of growth, and new shoot flushes of growth rely entirely on soil N (García Cebrián et al. 2003) . This difference between oak species might be related to foliar habit, with deciduous species growing faster and concentrating more N in their foliage than evergreen species (Cornelissen et al. 1996) , thereby demanding a higher N supply during early development stages. The pattern of use of acorn and soil N in Q. ilex seedlings has important ecophysiological and practical implications. Our data explain the low morphological and physiological plasticity of holm oak seedlings to fertilization (Valladares et al. 2000 , Villar-Salvador et al. 2004 ). The great dependence on acorn resources potentially makes holm oak seedlings strongly independent of external resources during their early development (see Milberg and Lamont 1997) . We also demonstrate why fertilization during nursery cultivation is not necessary until the beginning of the second shoot flush of growth. In addition, a high tissue N content, as observed in high-fertilized plants in comparison with low-and non-fertilized seedlings, may enhance out-planting performance Timmer 2003b, Oliet et al. 2009 ).
We found evidence that remobilization of acorn N in Q. ilex seedlings is a plastic process that is enhanced at very low soil fertility (Figure 3 ). This result is consistent with the higher N a in F 0 plants as compared with fertilized plants' seedlings. Milberg and Lamont (1997) did not find any clear pattern to the amount of nutrient remobilized from seeds in four Australian woody species after cultivating them in two soils of contrasted fertility. Similarly, N and P remobilization from Q. robur acorns was independent of the soil type in which seedlings had grown (Newton and Pigott 1991) . Our results do not concur with those that demonstrated that N remobilization from storage to support the spring growth of temperate tree species is not influenced by nutrient availability (Millard and Neilsen 1989 , Millard and Proe 1993 , Dyckmans and Flessa 2001 . However, in accordance with our findings, greater N remobilization from storage organs in Mediterranean oak saplings occurred when soil N supply could not meet shoot growth N demand in spring (Silla and Escudero 2003) . Increase in growth rate accelerated remobilization of acorn N reserves in Q. robur seedlings (Newton and Pigott 1991) . However, in our study fertilization treatments did not differ in growth so we suggest that the faster acorn N remobilization in non-fertilized plants compared to fertilized plants can be a response for maximizing acorn N use efficiency at very low nutrient availability.
